Low strength magnetic fields, 6.36 and 32.25 gauss, were found to have no effect, with one questionable exception, on the circadian rhythm and growth rate of Neurospora crassa.
The effects of magnetic fields on animal orientation, biochemical and biophysical aspects of metabolism, and biological rhythms have been a subject of some interest for the past 30 years. The last subject has been of particular controversy because of the uncertainty as to whether rhythms are driven by endogenous mechanisms or by oscillations in subtle geophysical factors. Brown and his co-workers (3, 14) were led to suspect an exogenous influence on daily (solar and lunar) and monthly (lunar) rhythms by a correlation between circadian rhythms of oxygen production by potatoes in hermetically sealed containers and oscillations in the intensity of primary cosmic radiation. Other experiments found the same relationship between cosmic radiation and rhythms in Fucus, Uca, carrots, oysters, and rats (7) . Later investigation showed that the rhythms could be correlated with variations in atmospheric electromagnetic fields and to the earth's field. This is reasonable as the primary cosmic radiation flux would vary inversely with the strength of the earth's field (6) .
Further studies, especially with the changing of the lunar orientation rhythms of Dugesia and Narsarius, demonstrated that rhythms could be affected by changes in magnetic field strength (4, 9, 10, 12, 13, 15, 16) . In addition, there are reports of positive relationships between the circadian rhythms of earthworms (2) , gerbils (24) , and humans (25) , and changes in magnetic fields.
The experiments described in this paper were designed to test the effects of magnetic fields of varying strengths and duration on the growth rate and circadian rhythm of conidiation of the band strain of Neurospora crassa. This work represents part of a broader effort to ascertain the mechanisms responsible for circadian rhythms in Neurospora (21) (22) (23) .
MATERIALS AND METHODS
The band strain (MLS 41-4) of Neurospora crassa was grown in straight Pyrex tubes (61 cm in length, 0.6 cm in diameter, 1 Supported by National Institutes of Health Grant GM-16541. 2 Present address: Washington University School of Medicine, St.
Louis, Mo. 63110. and closed at both ends with rubber stoppers) containing 10 ml of the glucose-arginine medium (21) . Inoculation took place at 1700 hr one day and the growth tubes were left in constant light until the next day when they were placed in the dark to set the phase of the rhythm in all cultures simultaneously. At the same time the cultures were put into continuous darkness, in which the rhythms would be expected to free-run, they were also placed in the magnetic fields. The experiments were run in a light-tight darkroom with the only illumination being ruby-red safety lights (GE BBX, 40W) used for marking the growth front. The tubes were aerated with 10 cc of humid air per minute to stimulate conidiation (22) . The position of the growth front was recorded at 2-day intervals, and the average duration of growth was 9 days. The period of the rhythm was calculated by correlating the average distance between the conidial bands and the growth rate (21) .
Two apparatuses of essentially identical construction were used to produce the magnetic fields of desired strength. They consisted of solenoids of Bakelite cylinders either 2 and oneeighth or 2 and eleven-sixteenths inches in diameter closewound with number 20 copper wire, and powered by voltageregulated (better than 0.5%) power supplies. The solenoids were cooled by an air flow of 45 cubic feet/ min. Two solenoids having fields of the same magnitude, but with direction reversed, were placed parallel to each other.
A control cylinder was connected in-line to each of the solenoids so that they would be cooled by the airflow from the solenoid. Two growth tubes were placed in each of the solenoids and control cylinders. Measurement of the fields in the solenoids with a Bell 640 Incremental Gaussmeter determined that they were homogenous (better than 5%) lengthwise from the center of the solenoids to a distance one diameter inside of the end of the wire windings, and radially from the axis to the maximal radius. Comparison between the two solenoids used for either apparatus showed a center-axial field difference of less than 1 24 hr, and a system of 12 hr on, 12 hr off. Phase response was also tested by using a 6 gauss, 12:12 system to maximize the chances of detecting an effect and changing the time when the field came on. The field-on times were 0430, 1030, 1630, and 2230 hr. One experiment was performed using a 6 gauss, 12:12 on-off system with the apparatus oriented north-south instead of east-west, and the Neurospora growing toward the north.
RESULTS
The Neurospora cultures were grown in magnetic fields of various strengths and durations. The growth rate and period of each run were examined by one-way analysis of variance to determine if the results for west-and east-directed fields and the controls were statistically comparable. From inspection of the data in Tables I and II it may be seen that the 6 and 32 gauss magnetic fields employed in these experiments had no significant effect (P < 0.05) on the growth rate or period (conidiation rhythm) of the band strain of Neurospora crassa. In addition, no reproducible, visible alterations in morphology, conidiation, or pigmentation could be discerned. The variability, especially that of the growth rate, between runs of identical conditions, even if two tests were conducted simultaneously, was often large enough that the results could not be combined statistically. Slight differences in medium composition, aeration rate, and temperature were presumably responsible for the variation between runs.
To determine if there were a small variation throughout the entire experiment attributable to either the presence of a field 
DISCUSSION
Since there are conflicting reports as to whether or not magnetic fields affect circadian rhythms, we attempted to use experimental conditions that would maximize the chances of detecting such an effect in Neurospora. Two field strengths were chosen on the basis of Brown's work (5, 15) with the mud snail, Nassarilus obsoletus, and the planarian, Dugesia dorotocephala. For both organisms the orientation response varied as the field strength was changed from 0.04 to 10 gauss. Six gauss was chosen for our work because at this field strength the responses of both species were large and in the same direction. We have also used a 30 gauss field to determine the effects of stronger fields (30 gauss was the largest field for which air cooling was felt to be sufficient). Palmer using Volvox has also shown a significant orientational response with a field strength of 5 gauss (19) .
Three time durations were employed since Brown (11) has shown that the response of Dugesia to an imposed magnetic field is initially large and that it shows a transient accommodation to the field for about 35 min, after which the effect again increases. Possible phase-response characteristics of Neurospora were also tested by varying the time at which the field came on for the 12:12, 6-gauss system. This was done to determine if the organism's sensitivity to either imposition or removal of a magnetic field might vary with the time of day, as does its response to light pulses (23) .
Our inability to detect an effect of magnetic fields on Neurospora will unfortunately do little to resolve the controversy as to the existence or nature of the effects of such fields on biological rhythms. Several workers maintain that such effects can be demonstrated. For example, Brown et al. (7) have shown direct or inverse correlations of the rhythms of fiddler crabs, Fucus, potatoes, carrots, oysters, and rats to variations in the flux of primary cosmic radiation and thus, presumably, to variations in the earth's magnetic field. More recently, Brown (4, 9, 10, 12, 13, 15, 16) has worked primarily with the orientation rhythms of the mud snail, Nassarius obsoletus, and the planarian, Dugesia dorotocephala. With these systems he has shown effects of rotation of the apparatus through 900 or 180°a nd/or imposed magnetic fields on solar day (24 hr), lunar day (24.8) , and semimonthly and monthly rhythms. In one of his most conclusive studies Brown demonstrated that the lunar month (28-day) rhythm in Dugesia released in a northern direction was 1800 out of phase with the rhythm of those released toward the south. A comparison of the data for the northerly directed planarians in the geomagnetic field to those northerly directed, but with a reversed field of 0.05 gauss, showed the same 1800 phase shift. Stutz (24) has also found that the maximal daily activity of male, Mongolian gerbils in a 12:12 LD cycle could be correlated to the time of day, 1500 to 1800 hr, in which the magnetic field of the earth increases about 5X 10-4 gauss toward the mean from its maximal negative deviation. Bennet and Huguenin (2) investigated the withdrawal reflex of the earthworm, Lumbricus terrestrius, under the earth's magnetic field and zero field strength. The earthworms in the earth's field withdrew under the stimulus of light significantly faster at 1200 than at 2000 hr. The difference in reaction time between 1200 and 2000 hr for those in the zero strength field was not significant. In addition, Wever (25) has examined the effects of a weak electromagnetic field of 10 cps on circadian rhythms in man. A shortening of the circadian period by 1.27 hr was average. He also found that the mean circadian rhythm of his subjects in a room shielded from magnetic fields was 25.65 hr, where it had been 25 hr for nonshielded conditions. Internal synchronization of the activity rhythm to physiological functions was seen to be the lowest in the shielded conditions and a maximum under the imposed field.
In contrast to these reports of positive findings, there are several, such as our own, in which an effect could not be detected. For Comparison of the previous reports with respect to magnetic field strength, duration of applied field, time of field imposition, period of the rhythm, type of rhythm expression, or class of organism yields no particular pattern apparent to us to resolve the conflict between the presence and absence of magnetic field effects. Our results, however, make the hypothesis that circadian rhythms are a response to subtle changes in the earth's magnetic field seem less plausible.
